correlate with patient-reported outcomes of pain and disability, and disregard for these parameters in pre-operative planning can lead to failures in surgical correction. [1] [2] [3] [4] Therefore, accurate assessment of sagittal spino-pelvic parameters is critical for diagnosis and preoperative planning as well as evaluation of the patient postoperatively. 2, 5 Once digitized radiographs began to take precedence over standard films, early studies demonstrated that computer-assisted methods were able to measure coronal and sagittal spinal parameters with greater precision, accuracy, and speed than manual methods. [6] [7] [8] [9] [10] While all measurements depend on the landmarks used, digital methods help to eliminate potential sources of error by automating the projections and angular measurements.
Picture archiving and communication systems (PACS) were developed to provide electronic storage and access to multiple types of radiologic imaging modalities. 11 While the convenience of digital imaging and radiologic assessment is undeniable, the measurement tools offered by PACS, such as rulers and angles, have limited capabilities. Deficiencies in PACS ( Fig. 1 ) include the lack of spinespecific tools such as the 4-point Cobb angle; redundant measurements in angles that share endplates; a radiograph cluttered by excessive measurements; and the lack of sophisticated techniques to identify more difficult spino-pelvic landmarks, such as the bi-coxo-femoral axis used to measure PI and PT.
As a reaction to the limitations of PACS, multiple types of spine measurement software (SMS) were developed for research and clinical use and have been validated in previous studies. 7, 12 However, because these programs require identification of the superior and inferior endplates of each vertebra to generate measurements, their utility is primarily as a research tool. Using an efficient, clinician-friendly version of SMS that obviates the need for such extensive measurements, this study investigated the reliability of PACS versus SMS measurements of the sagittal spino-pelvic parameters, with the hypothesis that SMS would be more reliable.
METHODS
After institutional review board approval, subjects were enrolled into a prospective multicenter database of operative and nonoperative ASD patients. Inclusion criteria were age >18 years and radiographic ASD (coronal Cobb angle >208, sagittal vertical axis >5 cm, pelvic tilt >258, or thoracic kyphosis >608). Exclusion criteria were scoliosis due to neuromuscular, infectious, or malignant etiologies. Radiographs were obtained at baseline and each postoperative visit.
For this study, 20 subjects' baseline radiographs (primary or revision) were selected from the database by a senior researcher with extensive measurement experience and knowledge of spine biomechanics and imaging. Radiographs included postero-anterior and lateral views with visualization of the full spine from the cervical region through the femoral heads and anatomic landmarks necessary for measurement. Radiographs were chosen from 9 participating institutions to reflect the variability in pathology and imaging techniques. Adequate resolution was subjectively assessed by the principle investigators of the study.
Radiographs were measured by 11 independent observers in 2 rounds for the following sagittal parameters (Figure 1 ): pelvic incidence (PI), pelvic tilt (PT), lumbar lordosis (LL), pelvic incidence minus lumbar lordosis mismatch (PI-LL), thoracic kyphosis (TK), and sagittal vertical axis (SVA).
Round 1 of measurements were performed with a traditional PACS interface, using only basic line and angle tools ( Figure 1) . Round 2 used a dedicated sagittal alignment tool in Surgimap (Nemaris Inc., New York, NY), a validated software 13, 14 dedicated to spine measurement ( Figure 1 ). SMS automatically calculates PI and PT from the measurer's identification of the outline of the femoral heads and the sacral endplate, LL and TK from user-adjusted splines, and SVA from identified landmarks.
There were 7 spine surgeons from multiple centers with varying levels of clinical and digital measurement experience and 4 experienced researchers. Observers were trained for 30 minutes by the same researcher on PACS and SMS techniques and demonstrated their ability to use the software correctly. For the PACS measurements, users estimated Figure 1 . Diagram of sagittal plane measurements using traditional PACS and dedicated spine measurement software (SMS). For Round 1 (PACS), only basic line and angle tools were used. The midpoint of the bi-coxo-femoral axis was estimated, and additional 908 angles had to be drawn in order to accurately measure the pelvic incidence. Round 2 (SMS) used the specialized sagittal alignment spine tool, which generates parameters based on 6 user-identified anatomic landmarks. The user is allowed to adjust splines to accurately define thoracic kyphosis and lumbar lordosis. PACS indicates picture archiving and communication systems; SMS, spine measurement software.
the midpoint of the line between the center of the femoral heads to measure PT and PI. Similarly, users had to estimate or manually draw a 908 angle to calculate the perpendicular to the S1 endplate, the horizontal, and the vertical.
Inter-rater reliability for both techniques (PACS vs. SMS) and each measurement (PI, PT, PI-LL, LL, TK, SVA) was assessed using the intraclass correlation coefficients (ICC). Intraclass correlation coefficients (ICC) measures reliability on a scale of 0 to 1, with >0.90 considered excellent, 0.70 to 0.89 good, 0.50 to 0.69 fair, 0.25 to 0.49 low, and <0.24 poor. 15 For each patient radiograph, PACS and SMS parameters were individually assessed for mean; standard deviation; range; margin of error; coefficient of variance (CV), which measures dispersion independent of parameter value; and interquartile range (IQR), which is less sensitive to outliers. Averages of these measures were then calculated to generate overall assessments for SMS vs. PACS. Statistical calculations were performed using SPSS (SPSS Inc. Version 20.0; Armonk, NY: IBM Corp) and Excel (Microsoft Excel 2013; Redmond, Washington). Intraclass correlation coefficients (ICC) was calculated using MATLAB (Version R2010a; The MathWorks, Inc., Natick, MA). P < 0.05 was considered statistically significant.
RESULTS

Variation in Alignment
Overall, excluding TK, SMS had significantly less variation in spino-pelvic parameters than PACS. The patient population represented a heterogeneous group of ASD pathology, with 11 uninstrumented patients and 9 revision patients. SRS-Schwab sagittal modifiers were distributed as follows 16 : PT (0) 6; PT (þ) 7; PT (þþ) 7; PI-LL (0) 7; PI-LL (þ) 5; PI-LL (þþ) 8; SVA (0) 11; SVA (þ) 0; SVA (þþ) 9. Table 1 demonstrates mean measurements, variation, and ranges for each spino-pelvic parameter. For all measurements except TK, the PACS measurements were greater and had significantly more variation (as expressed by standard deviation, coefficient of variation, and ranges) than the SMS measurements (P < 0.02 for all). The most substantial differences between SMS and PACS measurements were in the pelvic parameters (PI, PT, PI-LL; P < 0.0002). Box plots depicting the average dispersion of values for each parameter are shown in Figure 2 .
Inter-Rater Reliability
Again excluding TK, reliability was substantially better for SMS measurements than PACS (Table 2 ). Intraclass correlation coefficients (ICC) values, in which 1 denotes perfect reliability, were consistently higher for SMS (mean 0.944; ''excellent'') than PACS (mean 0.897; ''good''). Excluding PI, for which intraclass correlation coefficients (ICC) were fair to good, all other parameters had intraclass correlation coefficients (ICC) greater than 0.920, demonstrating excellent reliability. SMS was the most superior to PACS for pelvic-based measurements (PI, PI-LL).
The experienced researchers had greater reliability than the surgeons (Table 2 ), but in both groups, SMS 
DISCUSSION
Because radiographic measurements in ASD are used to guide both clinical recommendations and research conclusions, accurate spino-pelvic radiographic measurement is critical. 2,4,5,17 Segev et al acknowledged the weaknesses of PACS measurements, noting the lack of specific guidelines for traditional orthopedic bony landmarks, among other concerns. 11 However, many surgeons still use PACS in their clinical assessment of ASD patient radiographs.
This study compared variation and reliability of PACS to dedicated spine measurement software (SMS) in the assessment of symptomatic, primary, and revision ASD patients. Though the absolute differences between PACS and SMS measurements (all less than 38) were within the margins of error determined by previous studies, 18, 19 SMS had significantly less variation and greater reliability than PACS.
Pelvic and PI-LL measurements had the greatest differences between SMS and PACS, which has ramifications for clinical treatment. PI, a parameter that is anatomically difficult to measure, was more reliable for both surgeons and researchers with SMS. Only the standard deviation of SMS measurements (SMS 6.08 vs. PACS 8.38) was within the acceptable range of 68 error for digital measurements. 20 SMS obviates the need for estimation of the bicoxofemoral axis by allowing the user to identify the outlines of the femoral heads and drawing along the sacral plate, saving time and improving precision. Moreover, because PI-LL mismatch is routinely used by surgeons to plan osteotomies, 5 error in measurement of PI could lead a surgeon to plan insufficient lordotic correction. Thus, poor measurements could lead to either too little or overly aggressive planning, and potentially undesirable clinical results.
Thoracic kyphosis (TK) was the only parameter for which SMS was not substantially better than PACS. This could be due to the poor repeatability of TK due to suboptimal contrast of the upper thoracic spine in radiographs 7 or the calculation of TK from user-adjusted splines in this version of SMS.
Inter-rater reliability was greater in SMS than PACS, especially among only surgeons, demonstrating the clinical utility of SMS. The intraclass correlation coefficients (ICC) for this study, especially for SMS, are comparable to those of Dimar et al, who reported intraclass correlation coefficients (ICC) of >0.91 among 10 surgeons for spino-pelvic parameters. 12 The final consideration for SMS versus PACS is the ease of use. Although not formally a part of this study, user comments clearly suggested that ease of use was greater for SMS than for PACS. Compared to the 31 cursors clicks needed to complete the PACS measurements for this study, the SMS tool requires only 11 total clicks and can be completed in a fluid motion starting from the bottom of the image and moving superiorly. Moreover, with PACS, there is tremendous redundancy, because the user is forced to draw the same line multiple times for neighboring parameters (e.g. PI and PT; LL and TK).
One limitation of this study is the lack of intraobserver reliability measures. Measurements were completed in 2 rounds (for PACS and SMS), but these were not repeated a second time. Additionally, though observers subjectively confirmed that the PACS measurements took more time to complete, they were not formally timed. Observers performed measurements on desktop and laptop computers with multiple operating systems. Future studies may also consider standardization of the computer interfaces, including the operating system, screen size, and use of computer mouse or trackpad. Finally, this study focused on only 6 key spino-pelvic parameters, which do not represent the entirety of sagittal plane measurements but are the most commonly recognized and clinically applicable.
CONCLUSION
While digitized PACS measurements are superior to handdrawn measurements, they still have limitations. However, no studies have directly compared PACS to dedicated spine measurement software (SMS). In this study, for nearly all major sagittal parameters, and certainly for the pelvic parameters, SMS was significantly more reliable and less variable than PACS. These findings were amplified among surgeons of all experience levels, demonstrating the utility of SMS over PACS in the clinical setting. This study was performed using radiographs from symptomatic ASD patients, providing clinical and research benefits. Given these findings, consistent use of SMS would be advantageous in the clinical evaluation and operative planning of ASD patients. Pelvic parameters had greater variability than SVA for both PACS and SMS. SMS had greater reliability than PACS for all measurements except TK. When only surgeons' measurements were included, the superior reliability of SMS over PACS was greater. ICC indicates intraclass correlation coefficients; LL lumbar lordosis; PACS, picture archiving and communication systems; PI, pelvic incidence; PT, pelvic tilt; SMS, spine measurement software; SVA, sagittal vertical axis; TK, thoracic kyphosis.
Key Points
Picture archiving and communication systems (PACS) measurements often necessitate rudimentary techniques and estimations of anatomic landmarks and angles. For nearly all spino-pelvic parameters (including PI, PI-LL, PT, LL, SVA), dedicated spine measurement software (SMS) provided significantly less variation than PACS. Inter-rater reliability for spino-pelvic parameters was consistently better for SMS than PACS. Among only surgeons, the differences between SMS and PACS were augmented, with SMS substantially superior to PACS in every spinopelvic parameter.
